Abstract-Although sleepiness is a major risk factor in traffic and occupational accidents, convenient, quantitative, and commercial sleepiness testing is lacking. The issue is relevant to policymakers concerned with legislation for, and surveillance of, traffic-and occupational safety. This work suggested and examined posturographic sleepiness testing for instrumentation purposes. In 63 subjects -for whom we tested balance with a force platform during sustained waking for maximum 36 h-sustained waking impaired the balance. The sustained waking explained 60% of the diurnal balance variations, whereas the time of day explained 40% of the balance variations. The first finding -that balance depends on the subject's time awake (TA)-allowed to posturographically estimate the subjects' TA with 86% accuracy and 97% precision. Results also show that balance scores tested at 13:30 hours serve as a threshold to detect excessive sleepiness. This work provides guidelines for a posturographic sleepiness tester.
I. INTRODUCTION
LEEPINESS is often related to accidents: it causes even 20% of all traffic accidents [1] , and even 50% of all occupational accidents [2] -either on roadways, in air, in hospitals, or in the industry. The magnitude of the safety issue explains the ongoing research [3] , regulatory [4] , and legislative [5] efforts to minimize the public health and safety hazards of sleepiness. In the US, legislation already criminalizes sleepy driving [6] -but measuring sleepiness with a test that responds quantitatively to sleepiness is still a challenge [5] . Sustained waking affects psychomotor performance as negatively as alcohol intoxication [7] . For instance, 17 h of waking decreases the performance to a level observed at 0.5‰ blood alcohol concentration (BAC) [7] . Therefore it would be logical to set a 17 h waking limit -to prevent sleepiness related accidents [8] . Unfortunately, contrary to breath-testing for the BAC, there is no analogous simple sleepiness test [5, 9] .
A. Existing Sleepiness Tests
Sleepiness is the tendency to fall asleep, which grows with increasing TA [6] . Cameras and sensors that track eyelid movement or head inclination can alarm the users when dozing off nears [10] . However, true accident prevention should alarm the user before sleepiness causes dozing [8] , because well before dozing, the user's accident proneness rises due to decreasing performance [7] . To do this, available tests generally score sleepiness either with questionnaires [11] or from task based performance [12] . The reliability of both approaches is questionable: both the subject's motivation and compensatory strategies for sleepiness may temporarily override a performance decrement [9] . Moreover, objective tests that score task based performance are lengthy or cumbersome to take. The market needs a quantitative, fast, and simple sleepiness test.
B. Force Platform Posturographic Testing
Posturography -a clinical tool to test balance [13] provides a candidate for instrumented TA testing. The rationale is that balance impairs with increasing TA [14] , and that TA is a relevant parameter in sleepiness [6] . Moreover, because balance is a physiologic function, it allows designing a test that does not rely on task based performance -hence minimizing the effects of motivation and compensation on the results' reliability. Finally, posturography is well documented, the test is fast and simple to perform, and the results are repeatable and applicable on group level.
C. Purpose of Work
This work examines quantitative TA testing with posturography for instrumentation purposes.
II. SUBJECTS AND METHODS

A. Subjects
We tested 63 volunteers (students and staff: 42 men, 21 women, mean age 27, age range 20-38) at the University of Helsinki. We assessed the subjects' health with a questionnaire; exclusion criteria were smoking, diagnosed balance-or sleep disorders, current leg-or back injuries, or current medication influencing sleepiness. Each subject gave their written informed consent before inclusion in the study.
B. Study Designs
In experiment I, 33 subjects were first kept awake for minimum 28 h (from Fri 8:00 to Sat 12:00) during which we tested their balance every 2 h (Part 1). Then, the subjects arrived for a test once a day for 1 week -each day with different and randomly assigned TA (Part 2). All subjects were given a test familiarization session before the onset of the experiment.
In experiment II, 30 new subjects were first tested at 8:30, 10:30, and 13:30 hours (Part 1). Then, the subjects arrived for a test once a week for 1 month -each day at 8:30 hours (Part 2).
Alcohol was prohibited 24 h prior to any testing, whereas caffeine was prohibited 12 h prior to any testing. Exercise was prohibited during sustained waking conditions.
C. Balance Testing
We tested balance with a force platform on which the subject stood: unshod, feet together, arms crossed over chest, looking at an eye-high fix point in front of the platform. In experiment 1, the platform sampled body center of pressure excursions at 1 kHz for 30 s: the data was filtered with a 0.3 s moving average. In experiment 2 the platform sampled and filtered the data at 33 Hz for 22 s. We expressed the balance scores as time interval for open loop stance control (TOC) [15] .
D. Experiment I Analysis
First, we regressed the balance scores recorded during the sustained waking (Part 1) against TA. This comprised the subject's "reference curve" (cf. Fig. 1 ). Second, we estimated the TAs at each of the Part 2 tests by equating the balance score with the scores in the reference curve. The TA instant where the score equaled the reference score was the TA estimate (estimation procedure exemplified in Fig. 1 ). Third, we regressed the estimated TAs against the true TAs (subjects' self reports, cf. Fig. 2 ).
E. Experiment II Analysis
First, we regressed the Part 1 balance scores against the daytime. ANOVA with repeated measures for time indicated significant daytime changes if P≤0.05. Second, ANOVA with repeated measures for test week rejected the hypothesis of test repeatability across the month, if P≤0.05.
III. RESULTS
A. Experiment I
Regression analysis in the sustained waking condition revealed a linear correlation between balance and time awake that accounted for 60% of the balance variance (F =21.6, P<0.01, R 2 =0.52, n=33). Figure 1 shows a case study. Regression of the estimated TAs against the true TAs revealed a linear correlation that accounted for roughly 70% of the variance (Fig. 2) . The accuracy of all the estimates was 86%, and the precision of the estimates was 97%.
B. Experiment II
From 8:30 to 13:30 hours, the balance changes were so significant, P=0.001, that the scores did not overlap (Fig. 3) . This means that we reliably succeeded in quantifying the balance decline, that precedes the afternoon sleepiness peak [14] , on group level (N=30 subjects). Moreover, the testretest reliability was high, because the balance scores did not differ between weeks: P=0.835. IV. DISCUSSION Sleepiness is frequently related to e.g. traffic-and occupational accidents [1, 2] . A test that predicts impending sleepiness levels would address safety issues related to sleepiness. An approach could be to measure TA, because sleepiness increases as TA increases [6] . Moreover, balance declines as TA increases [14] . These two relations advocate developing a posturographic TA tester that could provide an estimate of sleepiness. This work examined posturographic TA testing for instrumentation purposes. The effect of sustained waking on balance was identified and used to make TA estimates.
This work confirms that sustained waking impairs balance, as reported in previous studies on balance during sustained waking [14, 16, 17] . Valid TA testing requires that the response to increasing TA is monotone. This work support previous findings where increasing time awake explains 50% of the diurnal balance variations [17] , but also shows that the TOC-balance score explains even 60% of the diurnal balance variations. This fact allowed this work to show, that posturographic TA estimates are accurate and precise. The work showed that the TOC balance score exhibited less dispersion across subjects (coefficient of variation, CV, ranged 2% to 8%, Fig. 3 ) than past studies on fatigue related balance changes have suggested (CV 13% to 59%) [18] . Moreover, the individual test-retest variability was somewhat lower (CV 9% to 23% for 5 test repetitions, Fig. 1 ) than studies on test-retest variability suggest (CV 11% to 60%) [19, 20] .
The limitations are as follows. First, the fact that the circadian rhythm explains even 40% of the diurnal balance changes hampers estimating TA. One issue is that since the circadian phase and amplitude are personal [21] , each subject requires his/her own reference curve (Fig. 1) . Another issue is that to make accurate TA estimates one must know and account for the time of day of the TA test. Second, in Part 2 of Experiment I, no true TA exceeded 17 h (Fig. 2) . This limits the interpretation of the test accuracy beyond this amount of sustained waking. This is, however, important since 17 h is the wakefulness threshold where the negative effects of sleepiness equal the negative effects of the legally proscribed BAC. Third, this work examined and validated test precision during one month. This limits the interpretation of the validity of the subjects' reference curves with respect to time (months, years); perhaps preserved estimation accuracy requires annual recalibration of the reference curve.
V. CONCLUSION The findings of this work are relevant to regulatory and legislative authorities who aim to reduce the safety hazards of sleepiness. This work implies that posturographic TA testing is valid at least for 17 h of waking. The documented set-up and procedure serve as a guideline for future posturographic sleepiness testing, allow study replicas in independent sleep labs -to confirm the test validity-and also allow implementing the test in occupational environments.
